Abstract: Silene marizii (Caryophyllaceae) is a schizoendemism of the west Iberian Peninsula. The correlation between the evolution of reproductive success (as measured in terms of fruit set and seed production) and five floral traits (peduncle length, calyx length, calyx width, petal limb length, and petal limb width) was investigated in five populations of S. marizii, taking into account both intra-populational and inter-populational variability. The populations studied represented the different habitats of S. marizii over its area of distribution. None of the five traits examined was significantly and positively correlated with the number of seeds produced by the flower. An analysis was also made of how floral morphology varies with the position of the flower in the inflorescence in the five populations. The populations from higher altitudes (Caramulhino, Puerto de Menga and Peña de la Cruz) had larger peduncles, calices and petal limbs than those living at lower altitudes (Sabugal and Mangualde) All five morphometric traits, plus the number of ovules per ovary, varied significantly between flower positions on the same plant and among populations.
Introduction
Given the strong association between the evolution of entomophilous plants and their pollinators, it is reasonable to suppose that variation in floral morphology should be reflected by variation in individual reproductive success, which might lead to evolutionary divergence and speciation. Variable morphological traits that have no effect on reproductive success are unlikely to lead to evolutionary change (Herrera 1990 ). In many plant species, the size and number of reproductive structures and the components of female reproductive success show marked among-flower withininflorescence variation (e.g. Ashman & Hitchens 2000) . Floral variation may occur at several hierarchical levels (e.g. Williams & Conner 2001) including among flowers within plants, among individuals that live in the same site, or among plants in different populations. The relative contribution of individuals and populations to overall variability has evolutionary implications and can give an insight on how inclined to local differentiation is that particular plant species.
The intraspecific variability of rare species (sensu Rabinowitz 1981 ) has immediate evolutionary implications (Primack 1980; Stebbins 1980) . The study of floral characteristics of potential importance in the plantpollinator relationship offers the advantage that the patterns of variability found can be interpreted within the set of selective pressures that pollinators exert.
One of the most common ways of measuring reproductive success in angiosperms is fruit set (Zimmerman & Aide 1989; Proctor & Harde 1994) . Over the last few decades, different authors have followed various approaches to study the variation in floral morphology and its effect on reproductive success (Schlichting 1986; Herrera 1990; Wolfe 1993; Johnson et al. 1995; Diggle 1995; García-Cruz & Sosa 2007) .
In this work we investigated within-population variation in a number of floral characters of Silene marizii Samp., an endemic of the western Iberian Peninsula. We also assessed the variability of the characters among populations and among flowers at different positions in the inflorescence. Studies of this type on plants such as S. marizii (Guitián et al. 1997 ) are of particular interest because they address the immediate practical concerns of species conservation, and because they may contribute to a better understanding of the phenomenon of endemism (Kruckeberg & Rabinowitz 1985) .
Most of the studies that have evaluated reproductive success in angiosperms have included information for only one or two species, in a reduced geographic area, and have only evaluated one o two floral traits (García-Cruz & Sosa 2007) . In the present study, five 272 M. García-Barriuso et al. morphological traits of this endemism of the western Iberian Peninsula were studied in populations representing its entire Iberian distribution.
The aims of this work, the first to be undertaken on the reproductive biology and ecology of this Iberian endemic member of the Caryophyllaceae, were: 1) to investigate the variation of five floral morphological traits among flowers at different positions in the inflorescence, within populations, and among populations, and 2) to determine whether these traits are related to reproductive success, measured in terms of fruit set and seed numbers.
Material and methods

Study system and field sites
The nomenclature used and the boundaries of the species recognised were those employed by Talavera (1990) . The syntaxonomic nomenclature followed was that suggested by Rivas-Martínez et al. (2001 . The five study sites that were home to S. marizii belonged to the following phytogeographical units described by Rivas-Martínez (2005) :
Eurosiberian Region, Atlantic European Province, Galaico-Portugués sector (Montemouro-Caramulo District, population 2 and 3).
Mediterranean Region, Mediterranean West Iberian Province, Estrellense Sector (Guardense District, population 1), Bejarano-Gredense Sector (Bejarano and ParameroAbulense Districts, populations 4 and 5, respectively).
Dioecy has been correlated with different ecological factors (Bawa 1980; Renner & Ricklefs 1995) , suggesting that these have favoured the evolution of dimorphism (Weller et al. 1995) . However, in the genus Silene this seems unlikely since very similar ecological factors have been responsible for the evolution of dioecy in all three sections of the genus (Desfeux et al. 1996) . In any event, further studies are needed to determine the influence of ecological factors in the evolution of dioecy in Silene.
Silene marizii belongs to the section Elisanthe (Fenzl) Fenzl. It is a perennial herb, (15)20-60(70) cm high, densely glandular and fetid, and has a pauciflorate dichasium. The female flowers have a hardly noticeable carpophorus, much shorter than the capsule. Pollination is by insects, bee flies (Bombyliidae: Bombyliflorus fuliginosus), were captured during the present fieldwork. Flowering starts in (April)-May and finishes at the beginning of July. Silene marizii, described by Sampaio (1909) from Mangualde and Serra do Caramulo (Portugal: Beira Alta Province), is endemic of the central western Spain and north-western Portugal (Prentice 1977; Talavera 1990) , where it occurs in a few populations. The species appears in the 2000 and 2007 issues of the Spanish Red List of Vascular Plants (Listas Rojas de la Flora Vascular Española) (VV. AA. 2000 , Moreno 2008 ) under the categories 'Vulnerable' (VU: B1 + 2b, D2) and "Critically Endangered" (CR: B2ab(ii,iii,iv,v)c(iv)) respectively. Change of category is due to a continuing decline of area of occupancy, numbers of locations and mature individuals, and extreme fluctuations of number of mature individuals.
Historical records of Silene marizii in the Iberian Peninsula have been documented on the basis of a review of the specialised scientific literature, and consulted documentation in several herbaria (BRESA, Technical Institute of Bragança, Portugal; COI, University of Coimbra, Portugal; HVR, University of Trás-os-Montes e Alto Douro, Vila Real, Portugal; LISI, Instituto Superior de Agronomía, Lisboa, Portugal; LISE, Estaçao Agronómica Nacional, Oeiras, Portugal; LISU, Museu Nacional de História Natural; MA, Royal Botanic Garden of Madrid, Spain; MAF, Faculty of Pharmacy, University Complutense of Madrid; PO, University of Porto, Portugal; SALA, University of Salamanca, Spain); abbreviations follow Holmgren et al. 1990 and Holmgren & Holmgren 1993) , where possible with direct examination. All sites with reports of S. marizii populations were visited to check for the presence of this species, as well a number of other sites at which it might potentially occur. When the species was detected, we recorded geographical lo- Five populations of S. marizii were sampled for morphometric data. The study populations were situated in several provinces of Portugal and Spain (Fig. 1 Table 1 show the differences in the flowering and fruiting times of the different populations. The sampling method used was designed to avoid the substantial differences in the number of individuals in each population having an adverse influence on the results (see below). The states of five macromorphological characters and one micromorphological character were recorded and coded (Table 2) . Vouchers for each population were prepared in the field and typically deposited at the Herbarium of the University of Salamanca, Spain (SALA).
Data set design
The first data set was collected with the aim of investigating the within-population variation in floral morphology and reproductive success in Silene marizii. In May of 2006 and 2007, 22 randomly selected members of the Portuguese population of S. marizii at Sabugal, and 24 and 35 members of the Spanish populations of Puerto de Menga and Peña de La Cruz, were marked; i.e., at least one plant out of every three or four in each population was selected. The following characteristics were measured in the field using an electronic digital ruler (which allowed good precision): peduncle length, calyx length, calyx width, petal limb width, and petal limb length. These traits can potentially affect features such as the presentation of the flower to pollinators, their potential to attract pollinators, and insect access to the nectar etc. The mature capsules (with seeds) of these plants were colleted immediately before dehiscence (always within 4-5 weeks of marking). The number of seeds per capsule was later determined in the laboratory. At the same time, the length and width of the capsules were recorded.
The second data set was collected with the aim of investigating among-population and among-position variation in floral morphology and their relationship with reproductive success in Silene marizii. In May 2006, 20 flowers at inflorescence positions 1 and 2 (Fig. 2) were collected from a total of 10 plants belonging to each of the studied populations (Table 1 ) (i.e., 20 flowers per population and a total of 100 flowers. These numbers were deliberately low since S. marizii is a catalogued, threatened species (VV.AA. 2000, Moreno 2008 ) and because some of the studied populations were very small. The following characteristics were then determined: peduncle length, calyx length, petal limb length, and the number of ovules per ovary.
Analyses of morphological traits
Morphological characters were scored from plants in natural populations. The traits examined were selected according to those reported in previous studies (i.e. Guitián et al. 1997; García-Cruz & Sosa 2007) and our initial field observations.
To evaluate correlation between fruit set and both inflorescence and floral attributes, a least-square regression was carried out. To examine floral traits affecting fruit and seed production, a multiple regression analyses was used. A forward elimination stepwise multiple regression was performed with fruit set as the dependant variable, and floral traits as independent variables. Analysis of variance described the influence of the factors population and position (in the inflorescence) on morphometric variables, and the descriptive representation per class was performed by boxplots. Relationships between variables were investigated by calculation of Spearman's rank correlation coefficients, using the data from the second sample series. Relative variabilities of the different morphometric traits were evaluated by calculation of coefficients of variation, in order to displaying differences between populations analysed (Daniel 1999) . Morphometric analyses were done by using the SPSS version 11.5 (SPSS 2002) and STATISTICA version 7.0 (StatSoft 2004).
Results
Study group
Silene marizii grows in low to middle elevations (600-1500 m), in wide fissures of the large granitic "bolos" common in the central western Iberian Peninsula. These communities belong to Rumici indurati-Dianthion lusitani alliance (Bernardos et al. 2004) . In the Table 8 shows 3 relevés of these communities.
Floral traits and fruit set
No S. marizii hermaphrodite plants were found in the present study; in agreement, hermaphrodite plants of S. dioica and S. latifolia are very rare (Desfeux et al. 1996) .
The results show significant variation in all plant traits within plants, among plants and among regions (Tables 3, 5 ). All floral traits showed significant amongregion variation. The populations from higher altitudes (Caramulhino, Puerto de Menga and Peña de la Cruz) had larger peduncles, calices and petal limbs than those living at lower altitudes (Sabugal and Mangualde). Sig- nificant variations were also observed both within and among plants, but within-plants variation was greater that among-plants variation. Of the 81 flowers marked, 49 (60.5%) set fruit and 32 (39.5%) did not (Table 3 ). Logistic regression showed that none of the five morphological variables examined had a significant effect on the probability of flowers producing fruit. Neither did these traits have any effect on the number of seeds per capsule (p > 0.01) (Fig. 3,  Table 4 ).
At the two flower positions all of the morphological variables measured, and the number of ovules per ovary varied considerably among populations (Table 5 ). The most variable characteristic was the size of the peduncle, while the least variable was the length of the calyx (coefficients of variation 30.2% and 8.7% for position 1, and 25.5% and 9.5% for position 2, respectively) (Fig. 4 , Table 5 ). At both flower positions the number of ovules per ovary was independent of the other variables analysed, as shown by the results of principal components analysis (Fig. 5) .
Analysis of variance showed that the factor flower Table 5 . Mean ± standard deviation of the variables (see Tab. 2) studied in the five populations of Silene marizii (position 1 and 2).
Mangualde 11.2 ± 3.3 6.7 ± 2 12.6 ± 1.4 12 ± 0.8 5.3 ± 0.5 4.8 ± 0.7 173 ± 26.1 178 ± 22.5 Puerto de Menga 17.5 ± 7.1 10.1 ± 3.7
13.3 ± 1.3 13 ± 2 5.7± 1.4 5.7 ± 0.7 132 ± 38.8 182 ± 36 Sabugal 151 ± 3.1 7.8 ± 0.8 11.6 ± 0.6 11.3 ± 0.8 5.1 ± 0.7 5 ± 0.5 206 ± 38.1 220 ± 30.2 Caramulinho 20.4 ± 5.7 10.1 ± 3.1 13.4 ± 1.5 12.7 ± 1.4 6.7 ± 1.8 5.6 ± 0.8 163 ± 31.9 180 ± 32 Béjar, Pena de la Cruz 18.6 ± 5.8 9.3 ± 1.5 15.5 ± 1 1 4± 1 7± 0.9 6.4 ± 1.1 169 ± 20 168 ± 27.3
All populations 16.5 ± 4 8 . 8± 2.22 13.3 ± 1.16 12.6 ± 1.2 5.9 ± 1.06 5. position had a significant effect on peduncle size, while the factor population had no effect on any variable (Table 6). Each of the eight variables was significantly correlated with each of the other variables, as determined using a Spearman correlation matrix (p < 0.001) (Table 7).
Discussion
In small populations that are adapted to a reduced range of environmental conditions, the rapid fixation of genes due to genetic drift has sometimes led to genetic impoverishment (e.g. Babbel & Selander 1974; Kruckeberg & Rabinowitz 1985) . Reduced phenotypic variability might therefore be expected in rare species (i.e. Rabinowitz 1981) such as S. marizii, a narrow endemic of the western Iberian Peninsula. However, the present results for this species suggest this hypothesis should be rejected; the individuals and populations studied showed considerable variation in terms of all the floral traits examined. Both intra-and inter-populational components thus make important contributions to overall variability. With respect to peduncle length and petal limb length, the variability recorded actually surpassed that shown by other members of the genus Silene from the same territories and with wider distributions (i.e. n.s.= not significant; *** = p < 0.001 Table 7 . Spearman's correlations between all variables (position 1 and 2) studied (see Table 2 ). All correlations, positive or negative, are significant (p < 0.001). S. dioica and S. latifolia, Amich et al. unpublished data). Given the use of non-specific pollinators by S. marizii and its lack of special mechanisms for the dissemination of seeds, the genetic flow between the studied populations must be practically non-existent and the colonisation of new areas very rare. Under such circumstances the founder effect would be very important in determining the characteristics of each population. Thus, under these conditions in which the founder effect is strong and genetic flow between populations is reduced, the variation seen between the populations might be expected.
Within-plant and population variation
Numerous studies have suggested that variation in reproductive success is related to variation in floral characters, and corolla size is an essential feature in the reproductive biology of plants (i.e. Herrera 1993 Herrera , 2005 . Typically, flower size is a continuously varying character, and thus a reasonable candidate for analysis using the methods of quantitative genetics. In the case of a dioecious species, such a Silene marizii, there is an added dimension that there are two types of flowers, male and female, occurring on two types of plants.
All of the floral traits examined are potentially important in the relationship of S. marizii with its pollinators since they govern flower presentation, the attraction of pollinators, and their access to nectar. Until now, no data have been available on the identity of the pollinators of S. marizii; the present observations suggest the main agents are bee flies (Bombyliidae: Bombylius fuliginosus). These insects, however, visit a wide range of flowers in the regions where the study populations grow, and cannot be considered specific pollinators. We therefore consider that the selective pressures exerted by pollinators on the floral morphology of S. marizii, if they exist at all, are unlikely as significant as other factors that have much more important effects on reproductive success. None of the five morphological variables studied appear to have any significant effect on the probability that a flower will produce fruits, nor on the number of seeds that might be found in a capsule. Each floral feature of S. marizii examined varied independently of all the others, suggesting an absence of trends that might lead to the development of an integrated floral phenotype (Schlichting 1986 ). Reproductive success in this species appears not to be influenced by the simultaneous effect of these floral traits.
Among-population variation
The studied populations grow in relatively similar soils, enjoyed similar conditions of exposure, and lived at similar altitudes, etc. The distances between them (Fig. 1) make it unlikely that any significant climatic differences should exist during times of flower and fruit growth (see Table 1 ). In addition, the differences between the populations do not appear to bear any direct relationship with the geographical distances separating them. All of this suggests that their phenotypic plasticity, i.e., their response to different environments, is insufficient to explain the inter-populational variability observed (see Tables 1 and 8) .
Thus, a significant genetic component appears to be involved. It may be that S. marizii possesses important genetic variation even though it is an endemism with a restricted distribution. This fact has already been suggested for other group of plants (e.g. Delgado et al. 1999; Premoli 1999; Aguirre-Planter et al. 2000) . Molecular markers should be studied to investigate this possibility.
Thus, a more complete understanding of the consequences of environmental factors and plant traits for reproductive success in S. marizii will require additional exploration of the extent to which variation in environmental factors may lead to among-plant variation in vegetative characters influencing plant fitness.
